Huntington's disease (HD) is a progressive neurodegenerative disorder with autosomal-dominant inheritance. The disease is caused by a CAG trinucleotide repeat expansion located in the ®rst exon of the HD gene. The CAG repeat is highly polymorphic and varies from 6 to 37 repeats on chromosomes of unaffected individuals and from more than 30 to 180 repeats on chromosomes of HD patients. In this study, we show that the number of CAG repeats in the HD gene can be determined by restriction of the DNA with the endonuclease EcoP15I and subsequent analysis of the restriction fragment pattern by electrophoresis through non-denaturing polyacrylamide gels using the ALFexpress DNA Analysis System. CAG repeat numbers in the normal (30 and 35 repeats) as well as in the pathological range (81 repeats) could be accurately counted using this assay. Our results suggest that this high-resolution method can be used for the exact length determination of CAG repeats in HD genes as well as in genes affected in related CAG repeat disorders.
INTRODUCTION
Expansions of CAG trinucleotide repeats (CAG repeats) in coding regions of human genes cause neurodegenerative disorders by generating proteins with elongated polyglutamine (polyQ) stretches. This group of disorders includes Huntington's disease (HD), dentatorubral pallidoluysian atrophy, spinal bulbar muscular atrophy and the spinocerebellar ataxia (SCA) types 1, 2, 3, 6 and 7 (1±3).
The HD gene (IT15 gene), which encodes huntingtin, a 350 kDa protein of unknown function, is located on the human chromosome 4 and consists of 67 exons. The disease-causing mutation is a CAG repeat expansion located within exon 1 of the HD gene (HD exon1). The CAG repeat is translated into a polyQ stretch. The disease manifests itself when the polyQ stretch exceeds the critical length of 37 glutamines (pathological threshold), whereas 8±35 glutamine residues in huntingtin are tolerated by neuronal cells. Experimental evidence has been presented that huntingtin fragments with polyQ tracts in the pathological range (more than 37 glutamines), but not in the normal range (20±32 glutamines), form high molecular weight protein aggregates with a ®brillar morphology in vitro and in cell culture model systems (4, 5) . In addition, inclusions with aggregated N-terminally truncated huntingtin protein were detected in HD transgenic mice carrying a CAG repeat expansion of 115±156 units and in HD patient brains (6, 7) , suggesting that the process of aggregate formation is important for the progression of HD. The mechanisms, however, by which the elongated polyQ sequences in huntingtin cause dysfunction and neurodegeneration are not yet understood (1, 8, 9) .
Unaffected individuals have repeat numbers of up to 30, while individuals at a high risk of developing HD carry more than 37 CAG repeats. Individuals with 30±37 repeats have a high risk of passing on repeats in the affected size range to their offspring (10±12). The accurate determination of the number of CAG repeats is required for the DNA-based predictive testing of at-risk individuals. To date, CAG repeat length determination is based on polymerase chain reaction (PCR) ampli®cation of genomic DNA using primers¯anking the CAG repeat region in the IT15 gene, and subsequent electrophoretic separation of the products in denaturing polyacrylamide gels (13) .
PCR ampli®cations of the CAG repeat region have primarily been performed by incorporating [a-32 P]dNTPs, or using 32 P or¯uorescently end-labeled primers. Sizing of¯uores-cently end-labeled ampli®cation products was performed in various Applied Biosystems DNA sequencers (14±22). The method of separation of ampli®cation products involves capillary electrophoresis or denaturing polyacrylamide gel electrophoresis. Recently, Williams et al. (13) have undertaken a comparative analysis of sizing CAG repeat sequences of the IT15 gene using radioactive and¯uorescent PCR ampli®cation and subsequently slab gel and capillary electrophoresis for the separation of the PCR products. They found that the mobility of CAG repeat stretches containing ampli®cation products of the IT15 gene is greater using capillary electrophoresis than using slab gel electrophoresis. The mobility difference increased with the length of the CAG repeat. By using an allele ladder for sizing CAG repeats as a calibration system, the number of CAG repeats in different HD alleles could be determined with high accuracy. However, the length determination of the amplicon could be hampered by deletions and insertions in the surrounding of the CAG repeat region.
In this study we present an alternative approach to count the number of CAG repeats in the IT15 gene, which is based on digestion of the test DNA with the multifunctional heterooligomeric type III restriction-modi®cation enzyme EcoP15I (for reviews see 23±27). The recognition sequence for EcoP15I consists of two copies of the asymmetric sequence 5¢-CAGCAG present on opposite strands of the DNA double helix. Cleavage occurs 25±27 bp downstream of one of these sites (Fig. 1A) . The distance between the two sites can be up to 3.5 kb (28) .
We could show that HD exon1 DNA is a substrate of EcoP15I. Because of the overlapping recognition sites within the CAG repeat, EcoP15I digestion of DNA fragments bearing HD exon1 generates a ladder of restriction fragments, whose number corresponds to the number of CAG repeats. Making use of this fact we have developed an EcoP15I cleavage assay to determine the number of CAG repeats in HD exon1 DNA on the basis of the resulting DNA fragment pattern.
MATERIALS AND METHODS

Restriction enzymes
EcoP15I was expressed and puri®ed as described (29) . All other restriction and DNA-modifying enzymes were obtained from New England Biolabs.
Preparation and labeling of DNA substrates that contain CAG repeats of different lengths
To analyze EcoP15I cleavage of HD exon1 we used the plasmids pCAG30, pCAG35 and pCAG81 that have been constructed by the insertion of exon 1 of the HD gene containing 30 (pCAG30), 35 (pCAG35) and 81 (pCAG81) CAG repeats, respectively, into the BamHI and SalI sites of the vector pGEX-5X-1 (30) . Large-scale puri®cation of the plasmids following standard procedures was performed after transformation in Escherichia coli TG1 cells. As CAG repeats tend to be unstable during propagation in E.coli cells, their number was veri®ed by DNA sequencing.
To generate 5¢-end-labeled fragments, pCAG30, pCAG35 and pCAG81 were linearized with BamHI and labeled with Cy5-dCTP (100 mM; Amersham Pharmacia Biotech), dATP, dGTP, dTTP (100 mM each; New England Biolabs) using the Klenow fragment (3¢±5¢ exo ± ). After heat inactivation of the Klenow enzyme and removal of non-incorporated nucleotides by gel ®ltration using Probe Quant G-50 micro columns (Amersham Pharmacia Biotech) the linearized plasmids were digested with SalI generating DNA fragments of 312 bp (fCAG30), 327 bp (fCAG35) and 465 bp (fCAG81) in length. The labeled fragments were puri®ed from agarose gels using the Qiagen Gel Extraction Kit (Qiagen). 3¢-End-labeled fragments were prepared in the same way, with the difference that in this case the plasmids were linearized with SalI prior to labeling and only afterwards digested with BamHI. DNA fragments labeled radioactively at both ends were prepared as described above using [a-32 P]dCTP (Hartmann Analytic) after simultaneous digestion of the plasmids with BamHI and SalI. The DNA marker VIII (Roche Molecular Biochemicals) was either Cy5-or radioactively labeled and puri®ed by gel ®ltration as described above.
EcoP15I cleavage assays and analysis of cleavage pattern
The radioactively or¯uorescence-labeled DNA substrates fCAG30, fCAG35 or fCAG81 (50 fmol) were cleaved with various amounts of EcoP15I in 10 mM Tris±HCl pH 8.0, 10 mM KCl, 10 mM MgCl 2 , 0.1 mM EDTA, 0.2 mM dithiothreitol, 50 mg/ml bovine serum albumin and 2 mM ATP for 30 min at 37°C in a total volume of 10 ml. In case of the radioactively labeled fragments EcoP15I cleavage was stopped by adding EDTA to a ®nal concentration of 20 mM. Reaction products were separated in a non-denaturing 5% (w/v) polyacrylamide gel and analyzed using a phosphorimager (PhosphoImager type SI, ImageQuant 5.0 software; Amersham Pharmacia Biotech). EcoP15I cleavage of thē uorescence-labeled DNA substrates was stopped by adding 2 ml STOP-solution (95% formamide, 20 mM EDTA, pH 8.3, 50 mg/ml dextranblue 2 000 000). DNA fragments were separated and analyzed on a non-denaturing 7% (w/v) polyacrylamide gel using the ALFexpress DNA Analysis System. Cleavage was quanti®ed by use of the AlleliX 1.0 software (Amersham Pharmacia Biotech).
RESULTS
EcoP15I cleavage of DNA substrates with CAG repeats results in`ladders' of DNA fragments
To investigate whether EcoP15I can recognize and cleave the CAG repeats present in the HD gene the HD exon1 fragments fCAG30, fCAG35 and fCAG81, which were radioactively labeled at both ends, were incubated with a 10-fold excess of EcoP15I. The cleavage reactions were analyzed by polyacrylamide gel electrophoresis.
As mentioned above, EcoP15I cleavage requires the presence of two 5¢-CAGCAG sequences that are located on opposite strands of the DNA. In the case of HD exon1 the CAG repeat of`n' triplets length displays (n-1) EcoP15I recognition sites on one DNA strand. A single inverse EcoP15I recognition site on the opposite strand, termed`i', is located 72 bp downstream of the CAG repeat (Fig. 1B) . EcoP15I cleaves 25±27 bp downstream of one of the two recognition sites. Thus, in the case of HD exon1 cleavage can occur either in the vicinity of the inverse site`i' or 25±27 bp downstream of any of the (n-1) recognition sequences formed by the n CAG repeats. If a linear HD exon1 DNA substrate is used, such cleavage should generate n cleavage products of different length (Fig. 1B) . The calculated lengths of the various putative EcoP15I cleavage products expected for substrates fCAG30, fCAG35 and fCAG81 are shown in Figure 1C . We considered only those putative DNA cleavage fragments that possess an end label;`internal' DNA fragments, which result from cleavage at multiple sites, cannot disturb the determinations as they do not contain labeling.
As expected, cleavage of the different DNA substrates with a 10-fold excess of EcoP15I generated characteristic`ladders' of DNA fragments (Fig. 1D) . In addition to DNA fragments resulting from cleavage at the`i' site we found multiple DNA fragments generated by cleavage within the CAG repeats. The upper end of those`ladders' corresponds to the 5¢-terminal cleavage fragment generated by cleavage at the EcoP15I recognition site`n-1', which represents the recognition site proximal to`i'. The corresponding 3¢-terminal cleavage product represents the lower end of the`ladder'. The cleavage fragments in the center of the`ladder' are generated by cleavage at the EcoP15I recognition sites nos (n-2), (n-3) etc. Bands representing these fragments are less intense than those representing the`ladder' ends. Fragments that result from General chart of the used DNA substrates that contain a number of n CAG repeats and an additional inverse EcoP15I recognition site 5¢-CTGCTG at a distance of 72 bp from the 3¢-end of the CAG repeats. Two CAG trinucleotides correspond to one EcoP15I recognition site 5¢-CAGCAG. Thus, an expansion of n CAG trinucleotides results in a series of (n-1) EcoP15I recognition sites that overlap by 3 bp. Arrows indicate the EcoP15I cleavage sites 25±27 bp downstream of the various recognition sites. In the lower part of the chart the fragment patterns expected from cleavage either at one of the CAG repeats or at the inverse EcoP15I recognition site`i' are schematically shown. (C) Calculated lengths of the DNA fragments expected from EcoP15I cleavage of the DNA substrates fCAG30, fCAG35 and fCAG81. Fragment lengths are assigned to the corresponding EcoP15I recognition sites nos 1 to (n-1) within the CAG repeats or to the inverse site`i'. (D) EcoP15I cleavage patterns of the DNA substrates fCAG30, fCAG35 and fCAG81. The DNA substrates were radioactively labeled at both ends. Each substrate (50 fmol) was incubated in the presence or absence of a 10-fold molar excess of EcoP15I enzyme over DNA substrate at 37°C for 30 min. Cleavage was analyzed on a non-denaturing 5% (w/v) polyacrylamide gel as described in the Materials and Methods. The ladders of EcoP15I cleavage fragments were marked by brackets. M, molecular weight marker; uc, uncleaved DNA substrates; i (5¢), 5¢-terminal DNA fragment after EcoP15I cleavage at the inverse EcoP15I recognition site; i (3¢), 3¢-terminal DNA fragment after EcoP15I cleavage at the inverse EcoP15I recognition site; *, DNA fragments generated by EcoP15I cleavage at EcoP15I recognition sites nos 1 to (n-1) within the CAG repeats.
cleavage at the EcoP15I recognition site nos 1, 2, etc., were not detectable. This suggests that under our experimental conditions EcoP15I cleaved preferentially at recognition sites located close to the`i' recognition site, while more distant sites are less ef®ciently recognized and cleaved.
However, these results show clearly that EcoP15I recognizes and cleaves the multiple overlapping sites within the CAG repeat of HD exon1 and thereby generates`ladders' of DNA fragments of different lengths.
Optimization of EcoP15I cleavage reactions
To optimize the cleavage reaction we tested whether EcoP15I cleavage ef®ciency can be in¯uenced by the variation of the molar ratio of EcoP15I enzyme and DNA substrate. For this purpose, different amounts of EcoP15I were incubated with a given molarity of DNA substrate. We found that cleavage of fCAG30, fCAG35 and fCAG81 depended highly on the EcoP15I enzyme to DNA substrate ratio (Fig. 2 ). An increased enzyme to substrate ratio enhanced the ef®ciency of cleavage. However, even in presence of a 20-fold excess of enzyme versus substrate, not all theoretically possible cleavage products could be identi®ed. Instead those CAG repeats proximal to the inverse site [recognition site nos (n-1), (n-2), etc.] were preferentially cleaved.
At an equimolar ratio of EcoP15I enzyme to DNA substrate, cleavage ef®ciency was too small to analyze the generated fragment pattern in detail using our initial experimental set up. We therefore searched for a sensitive high-resolution method to separate and detect EcoP15I cleavage fragments. We chose the ALFexpress DNA Analysis System, a half-automated DNA sequencer, for our analysis. This system allows highresolution separation of DNA cleavage fragments and exhibits similar sensitivity as a phosphorimager (28, 31) . To apply this procedure, we labeled the DNA substrates with the¯uorescent dye Cy5 instead of the 32 P radioisotope. Either the 5¢-or the 3¢-end of the DNA substrate fCAG30 was Cy5-labeled to distinguish 5¢-and 3¢-cleavage fragments of similar lengths (Fig. 1C) . According to the results mentioned above (Fig. 2) , at a 10-or 20-fold molar excess of EcoP15I enzyme over DNA substrate, EcoP15I preferably cleaved at the inverse EcoP15I recognition site`i' and at the recognition site nos (n-1), (n-2), etc. (Fig. 3A and B at an equimolar ratio of enzyme to substrate we could count exactly 29 DNA fragments in the`ladder' (Fig. 3A and B; [E]:[S] = 1); this number corresponded to the 29 overlapping EcoP15I recognition sites within the 30 CAG repeats of fCAG30. This result demonstrates that every theoretically possible EcoP15I recognition site within a sequence of 30 CAG repeats is indeed recognized and cleaved by EcoP15I. Thus, we could de®ne the conditions for EcoP15I cleavage allowing an exact determination of the CAG repeat number. EcoP15I cleavage of DNA substrates labeled at their 5¢-or 3¢-end exhibited comparable patterns (Fig. 3) . Therefore, we decided to use only 3¢-end-labeled DNA fragments for our next investigations.
Counting CAG repeat numbers in the pathological range
After the correct determination of a CAG repeat length in the normal range as present in fragment fCAG30, we wanted to test our re®ned method for determining repeat lengths in the borderline (30±39) and pathological range (more than 39). For this purpose fragments fCAG35 and fCAG81 were cleaved with EcoP15I using an equimolar ratio of enzyme to DNA. The cleavage products, Cy5-labeled at their 3¢-ends, were analyzed with the ALFexpress DNA Analysis System. Cleavage patterns for the three substrates fCAG30, fCAG35 and fCAG81 are shown in Figure 4 . We obtained`ladders' of 29, 34 and 80 DNA fragments, respectively, and an additional fragment of equal size [i(3¢)] for each substrate. Thus, EcoP15I cleaved all three DNA substrates at the inverse EcoP15I recognition site and at each of the overlapping EcoP15I recognition sites (5¢-CAGCAG) within the CAG repeats. According to our results presented above, EcoP15I preferred recognition sites located proximal to the inverse recognition site (nos n-1, n-2, etc.) over more distant ones (nos 1, 2, etc.). This preference is most likely caused by the faster formation of the active enzyme±DNA complex when two EcoP15I recognition sites are located close to each other.
These results validate the high-resolution analysis of the EcoP15I cleavage products of exon 1 of the HD gene as a suitable method for the exact quanti®cation of the CAG repeat numbers in the normal as well as in the pathological range.
DISCUSSION
In this study we have demonstrated that the analysis of the EcoP15I cleavage patterns of¯uorescence-labeled HD exon 1 DNA fragments using the ALFexpress DNA Analysis system allows the exact determination of the number of CAG triplet repeats present in the HD gene. Using this approach we could correctly detect extensions of 30, 35 and 81 CAG repeats. Therefore, our approach is useful for the exact determination of the CAG repeat numbers in the normal (up to 30), borderline (30±39) and pathological (more than 39) ranges. The application of EcoP15I cleavage of¯uorescence-labeled DNA substrates combined with half-automated DNA sequencers offers numerous advantages over existing procedures for the quanti®cation of CAG repeats. Our non-radioactive method exhibits high-resolution quality, is time saving, not hazardous and prevents isotopic waste (13, 19, 22, 28, 31) .
To apply our assay to the analysis of clinical samples, PCR ampli®cation of the HD gene exon 1 area as already described Counting of CAG repeats in fCAG30, fCAG35 and fCAG81 at an equimolar enzyme to substrate ratio. The DNA substrates fCAG30, fCAG35 and fCAG80 were Cy5-labeled at their 3¢-ends. EcoP15I cleavage fragments were separated on non-denaturing 7% (w/v) polyacrylamide gels and analyzed using the ALFexpress DNA Analysis System. Output data show DNA fragments as¯uorescence intensity F in arbitrary units. Cleavage by EcoP15I resulted in a ladder of DNA fragments in 3 bp steps from 139 to 223 bp for fCAG30, 139 to 238 bp for fCAG35 and 139 to 376 bp for fCAG81. In addition, a 117 bp DNA fragment was observed due to the cleavage at the inverse EcoP15I recognition site`i(3¢)'. Figure 1 . The molecular weight marker fragments contained two HpaII ends and were therefore Cy5-labeled at both ends. In contrast, fCAG30 was labeled at only one end. As Cy5 is known to change the electrophoretic mobility of DNA fragments (42) , the marker could not be used as an absolute but as a relative length standard.
(e.g. 15, 16, 19, 20) could be used to obtain DNA substrates on the basis of genomic DNA. Using our novel approach for CAG repeat quanti®cation, 50 fmol speci®c DNA substrate, an amount usually insuf®cient for DNA sequencing, allowed analysis. Compared with methods based on the sizing of PCR fragments our approach offers different advantages: we do not need internally sequenced DNA standards, which are time consuming to produce and, even more important, our procedure is not affected by possible deletions or insertions in the surrounding of the CAG repeat region as long as the inverse EcoP15I site (`i') is present in the DNA fragment. As we directly count the EcoP15I-generated fragments of thè ladder' to determine the exact number of CAG repeats, exact sizing of the CAG-repeat containing DNA fragments is not necessary.
Our approach to count CAG repeats should be applicable to the analysis of further hereditary neurodegenerative diseases caused by expanded CAG repeats. As mentioned before, the precondition for the application of this method is the presence of an inverse EcoP15I recognition site (5¢-CTGCTG) located up to 3.5 kb downstream of the CAG repeats. Such inverse EcoP15I recognition sites in distances of~0.2±1.7 kb to the CAG repeats are present in the genes involved in spinal bulbar muscular atrophy and SCA types 1, 2 and 7 (accession nos. M27423, X79204, U70323, AJ000517). As EcoP15I can functionally interact with other type III restriction endonucleases such as EcoP1I (32), an inverse EcoP1I site (5¢-GGTCT) in the 3¢ region of the CAG repeats could be used for DNA cleavage in the absence of an effective inverse EcoP15I site. Moreover, in order to apply our assay to count the number of CAG repeats in related CAG repeat diseases, an inverse EcoP15I recognition site could be introduced via PCR in the DNA substrate to be analyzed.
The SCA2 gene, which, in its mutated form, causes SCA type 2, is characterized by CAG repeats that are polymorphic in length and interrupted by CAA triplets (15) . CAA, as CAG, encodes glutamine but cannot be directly detected by our EcoP15I cleavage approach. In the case of the SCA2 gene, however, CAA interruptions in the CAG repeats could be indirectly detected because of gaps in the EcoP15I cleavagè ladder'.
Recently it has been shown that SCA type 10 is linked to the expansion of ATTCT pentanucleotide repeats (33) . This pentameric repeat sequence resembles the recognition sequences of type III restriction endonucleases HinfIII (ATTCG), EcoP1I (GGTCT) or StyLTI (CTCTG) (34) . As new restriction enzymes with additional sequence speci®cities are still being discovered, enzymes with ATTCT speci®city could be among them. Therefore, assays similar to the one presented in our study could be designed for the diagnosis of diseases caused by other sequence repeats.
The expansion of certain repeat regions has also been observed in lower organisms such as yeast (35) and prokaryotes (36) . In the yeast Candida albicans many repeats consist of CAG and/or CAA stretches, which result in polyQ accumulation on the protein level resembling the situation in human neurodegenerative diseases (37) . In prokaryotes, repeat sequences (repetitions of the same nucleotide or of di-, tri-, tetra-or pentanucleotides) have been found to be involved in switching on and off the expression of certain genes (38, 39) . Repeat sequences are potentially involved in gene expression modulation as, e.g. the CACAG pentanucleotide repeat in Pasteurella haemolytica (40) or the AGTC tetranucleotide repeat in Haemophilus in¯uenzae (41) . Curiously enough, these repeat sequences occur in those open reading frames, which exhibit clear homologies to genes of type III restrictionmodi®cation enzymes.
